In the present study we demonstrate that consumption of a tryptophan-deficient diet for a period of 14 days decreased the striatal serotonin and 5-hydroxyindolacetic acid tissue content in rats, whereas the level of dopamine remained unchanged. Under this condition of diminished serotonergic tone, a challenge dose of cocaine (10 mg/kg, i.p.) significantly increased motor activity and dopamine extracellular content in the nucleus accumbens compared to rats fed with a balanced diet. We moreover found that pretreatment with cocaine (7 and 10 mg/kg, i.p.) produced a significant increase in preference for a cocaine-associated environment in the tryptophan-deficient group compared to control rats. Our experiments show that a low tone of serotonergic system, augments the behavioural reinforcing effect of cocaine and that this effect may be due to a increased cocaine-induced accumbal dopamine release. These data indicate that a tryptophan-deficient diet alters the behavioural and neurochemical effect of psychostimulants, such as cocaine, and suggest an important role of serotonin in modulation of these effects. © 2006 Elsevier Ireland Ltd. All rights reserved.
system appears to inhibit these effects [6, 16, 22, 23, 29] . In fact, treatment with 5-HT agonists reduces self-administration of both cocaine and amphetamine in rats [5, 6, 28] while a reduction in brain 5-HT content, following destruction of serotonergic neurons by neurotoxic lesions induced by 5,7-dihydroxytryptamine increases self-administration of these psychostimulants in rats [20, 21] . Thus, serotonergic tone appears to be strongly implicated in the effect of psychostimulant drugs.
The brain content of 5-HT can be changed by dietary manipulation of l-tryptophan (TRP) [10] the precursor of 5-HT. Administration of a TRP-free or TRP-deficient diet produces a specific and long lasting reduction of 5-HT content and the release of this neurotransmitter in the rat brain [2, 11, 13] . The advantage of this method lies in its high specificity and non-toxicity and, thus, it has been intensively used as a physiological tool to study brain 5-HT function (for review, see [10] ).
We used a TRP-deficient diet to decrease the central serotonergic tone in order to investigate the net effect of decreased brain 5-HT levels on cocaine-induced motor activity, conditioned place preference (CPP), and DA efflux in the NAcc.
Male Sprague-Dawley rats (Harlan, Nossan, Italy) weighing ∼300 g were used. Animals were kept at constant temperature (22 ± 2 • C) and relative humidity (60%) with a 12 light/dark cycle (dark from 7 p.m.). Before the experimental period rats were fed with a balanced diet; water and food were available ad libitum. Experiments were performed in accordance with the European Communities Council Directive (86/609/EEC) for the Care and Use of Laboratory Animals and were approved by the Animal Care Committee of Cagliari University.
Rats were randomly assigned to two groups. One was fed with a TRP-deficient diet based on maize flour, which contains a very low amount of TRP with respect to the other amino acids (amino acid content mg/100 g of maize flour: lysine, 261; histidine 268; arginine 430; aspartic acid 599; threonine 342; serine 475; glutammic acid 1820; proline 880; glicine 347; alanine 720; cistine 204; valine 482; methionine 194; isoleucine 357; leucine 1168; tirosine 351; phenylalanine 481; tryptophan 61) which has been found to decrease brain 5-HT content [12, 13] . The maize flour was boiled in water and integrated (to avoid any other deficiency) with a complete vitamin + mineral complex 500 mg/100 g of flour (thiamine HCl, riboflavin, pyridoxine HCl, nicotinic acid, calcium pantothenate, folic acid, biotin, Vitamin B12, Vitamin A, Vitamin D3, Vitamin E, Vitamin K, Ca, Fe, Zn, Mg, Se, P, Na, K), maize oil 10 g/100 g of flour, sucrose 10 g/100 g of flour, and a mixture of amino acids (mg/100 g of flour: glicine 240; arginine 30; lysine 80; histidine 20; methionine 64; phenylalanine 36; leucine 20; isoleucine 32; threonine 30; valine 50). The second group (control group) was fed with a balanced diet which had an identical composition, with the sole exception that 180 mg of TRP/100 g of maize flour were added in place of an equivalent amount of sucrose. In both groups food and water was freely available throughout the entire experimental period. For each experiment was used a separate group of rats. DA, 5-HT and 5-hydroxyindolacetic (5-HIAA) tissue content in striatum were measured in TRP-deficient and control rats. Rats were killed by decapitation and the brains were rapidly removed. The striatum were dissected out on a cold glass slide and frozen at −80 • C before analysis. Tissue samples were homogenized in 1000 l of perchloric acid 0.2 M and centrifuged 10 min at 10,000 rpm. DA, 5-HT and 5-HIAA content in the supernatant (after filtration through a 0.22 m nylon filter) were detected by HPLC.
CPP was performed in a Plexiglass apparatus consisting of two distinct compartments separated by a guillotine door. One compartment had grid floor with black walls, whilst the second compartment had a mesh floor with black and white stripes on the walls. Each rat is handled for 5 min once daily for 3 days. After 10 days consumption of the TRP-deficient diet (day 1), rats were individually placed in the apparatus and the door removed to allow exploration for 15 min. The day after (day 2), the rats were placed in the apparatus and given free access to the two chambers for 15 min. The time spent in each compartment was recorded by a video tracking system (preconditioning). On days 3, 4, 5, 6, and 7, rats were injected with either saline or cocaine (7 or 10 mg/kg, i.p.). Saline and cocaine treatments were alternated between morning and afternoon sessions for each animal. In this way, rats given cocaine in the morning immediately prior to confinement for 30 min in the least favoured compartment (where the animals spent less time during the preconditioning phase) were given saline prior to confinement for 30 min in the opposite compartment in the afternoon, with the administration schedule being reversed the following day (saline in the morning, and cocaine in the afternoon). In addition, a vehicle control group was treated with saline immediately prior to confinement in both compartments.
On day 8 (after 17 days consumption of the TRP-deficient diet) each rat was placed in the apparatus and given free access to the two chambers for 15 min. The time spent in each compartment was recorded.
Motor activity was assessed, after 14 days consumption of the TRP-deficient diet, placing the animals individually in motility cages (Omnitech Digiscan Animal Activity Monitor, Columbus, OH, USA). Each cage had two sets of 16 photocells located at right angles to each other, projecting horizontal infrared beams 2.5 cm apart and 2 cm above the cage floor. After 1 h of habituation, TRP-deficient and controls rats were gently removed from the plexiglass motility cages, injected with cocaine (10 mg/kg, i.p.) and then returned to the same cage. Motor activity was determined as total number of photocells beam interruption (activity counts) and recorded for 60 min before and 60 min after treatment. Counts were referred to 10 min period.
After 13 days of the diet, a separate group of TRPdeficient and control rats were anaesthetised with pentobarbital (50 mg/kg, i.p.) and mounted in a stereotaxic frame (David Kopf Instrument, USA). Using a standard stereotaxic procedure a vertical microdialysis probe was surgically implanted in the NAcc (A +1.6; V −7.7; L −0.9) according to the atlas of Paxinos and Watson [25] . The probe had an outside diameter of 0.2 mm and an active length of 1.5 mm. The dialysis membrane (AN69HF, Hospal, France) had a molecular cut-off weight of 10,000 Da. After surgery, the dialysis probe was continuously perfused at a rate of 0.5 l/min with Ringer solution containing: (mM) KCl 3, NaCl 145, CaCl 2 1.3, MgCl 2 1, in aqueous phosphate buffer, pH 7.3. The day following surgery (14th day), the flow rate was set to 2 l/min. After about 60 min of stabilisation, 20-min fractions were collected, in vials containing 10 l 0.1 M perchloric acid, for the determination of DA. After three basal samples, animals were injected with cocaine (10 mg/kg, i.p.)
Dialysate samples were immediately analyzed by reversephase high-performance liquid chromatography (HPLC) coupled with electrochemical detection (Antec Layden, Holland). The flow cell was equipped with a glass carbon working electrode, and an Ag/AgCl reference electrode. The potential was set at +0.65 V. The mobile phase (0.1 M NaH 2 PO 4 , 550 mg/l (w/v) octyl sulfate sodium, 30 mg/l EDTA, 2 mmol/l KCl, 15% (v/v) methanol, adjusted to pH 4.5 with H 3 PO 4 ), was delivered at a flow rate of 500 l/min to a reverse phase C18 column (4.6 mm Ø, 150 mm length, Chrompack). At the end of each dialysis experiment, rats were treated with a lethal dose of chloral hydrate, the brains were rapidly removed and coronal sections were cut (100 m) and stained with Mayer hematoxylin and observed under light microscope. Only data obtained from rats with the probe membrane located in the nucleus accumbens were used for analysis.
Data concerning to extracellular DA levels and motor activity and CCP were analysed by two-way ANOVA, followed by post hoc comparison (Newman-Keuls test) when needed. Student's t-test was used to analyse data concerning striatal DA, 5-HT and 5-HIAA content and results were considered significant at p < 0.05. As shown in Table 1 , 14 days consumption of the TRPdeficient diet induced a significant decrease in striatal content of 5-HT (48%) and 5-HIAA (65%). The TRP-deficient diet did not significantly alter DA content in this brain area.
Basal extracellular levels of DA, collected from NAcc, uncorrected for probe recovery, did not differ between the two experimental groups, being 53 ± 6.0 and 57 ± 6.2 fmol/20 min in controls and TRP-deficient rats, respectively. Fig. 1 shows the effect of cocaine (10 mg/kg, i.p.) on DA release in control and TRPdeficient rats. ANOVA analysis revealed a significant difference between the two groups (F (1,11) = 89.35, p < 0.0001). Post hoc analysis performed using Newman-Keuls test revealed a significant difference in DA levels between the two groups following cocaine injection, at corresponding time, for all periods of observation. Fig. 2a illustrates the time course of spontaneous motor activity during the preinjection period. Statistical analysis revealed no significant difference between two groups (F (1,23) = 1.29, p = 0.27). Fig. 2b reports the effect of intraperitoneal injection of cocaine (10 mg/kg) on motor activity. In TRP-deficient rats the hyperactivation induced by cocaine was significantly greater than that induced in the control group. (F (1,23) = 13.19, p < 0.001). Post hoc analysis revealed a significant difference in motor activity between the two groups, at corresponding time, for 30 min after injection of cocaine. Fig. 3 reports the time spent on the least preferred compartment during the pre-conditioning and post-conditioning phase in the CPP apparatus in control and TRP-deficient groups.
Cocaine induced a significant increase in time spent in the least preferred compartment by TRP-deficient groups than did control group. Two-way ANOVA indicated significant difference between groups (F (1, 28) = 33.83, p < 0.0001) and a significant drug × group interaction (F (2,56) = 7.1, p = 0.018). Moreover, as shown in Fig. 3 , there was no significant difference between TRP-deficient and control group in the time spent in the least preferred chamber during the preconditioning phase.
The findings of the present study demonstrate that chronic administration of a TRP-deficient diet reduces striatal tissue 5-HT (48%) and 5-HIAA (65%), but not DA, content and significantly enhances the behavioural and neurochemical response to cocaine administration in rats. Furthermore, the extracellular concentration of 5-HT was no longer detectable in the NAcc after cocaine challenge in the TRP-deficient group (data not shown). This decreased serotonergic tone was accompanied by a significant increased preference for the cocaine-paired environment in the place-preference paradigm at both doses tested (7 and 10 mg/kg, i.p.). Moreover, cocaine (10 mg/kg, i.p.) significantly increased motor activity and accumbal DA release in rats fed for 14 days with the TRP-deficient diet in comparison with rats fed with a balanced diet. Taken together, these data suggest that a nutritional TRP deficiency enhances the rewarding effect of psychostimulants.
The dietary manipulation did no affect body weight significantly (data not shown), therefore, the effect observed was not due to a decrease in body weight. Indeed we used a TRP-deficient diet, based on maize flour, instead to a TRP-free diet used in previous reports [10, 11] to avoid a significant diminution of body weight.
It is well known that acute or chronic administration of a TRP-free or deficient diet decreases serum TRP levels, thus leading to decreased concentrations of TRP, 5-HT and 5-HIAA in the rat brain [2, 12, 13] . The above diets also induce a decrease in 5-HT release in the frontal cortex of freely moving rats [11] . Moreover, consumption of natural foods with low content of TRP, such as corn or gelatin, has been found to diminish brain concentrations of TRP, 5-HT and 5-HIAA [12, 13] . It has been suggested that in blood and tissue pools of amino acids, TRP is utilized principally for protein synthesis, thereby producing a fall of this amino acid in brain and, therefore, a reduced 5-HT synthesis and release (see [10] for a review).
An opposite effect on the behavioural and neurochemical response to cocaine administration in rats has been obtained through administration of the amino acid TRP, which elevates brain 5-HT content. Indeed, Molina et al. [22] found that administration of TRP attenuates cocaine-induced motor activity and DA release in the NAcc of rats. Moreover, Carroll et al. [5] reported that acute or chronic TRP treatment reduces intravenous cocaine self-administration in rats. Similarly, amphetamine selfadministration was attenuated in rats fed with TRP supplemented food [28] .
The locomotor stimulant effects of cocaine has been linked to the inhibition of DA reuptake [19] . This effect is believed to be a result of potentiation of DA transmission, in particular within the mesoaccumbens pathway [1] . The elevated DA neurotransmission in the NAcc plays an essential role in mediating the positive reinforcing effect of cocaine [1] .
Several studies have shown that central serotonergic transmission plays an important role in the modulation of DA transmission in striatum and NAcc [9, 17] . Thus, it has been reported that changes in serotonergic activity can alter the effect of psychostimulants. For instance, depletion of brain 5-HT following destruction of serotonergic neurons by 5,7-dihydroxytryptamine, potentiates cocaine-induced locomotor activity in rats [16, 23] . Using the same treatment Lyness et al. [21] observed an increased self-administration of amphetamine. On the contrary, treatment known to increase 5-HT such as fluoxetine or TRP reduces self-administration of cocaine and other psychostimulants [5, 6, 22] as well as cocaine-induced DA elevations in nucleus accumbens [22] .
By means of a dietary reduction of the serotonergic tone we obtained an elevation in cocaine-induced DA release in the NAcc, which led to an augmented motor activation and to a higher preference for a cocaine-paired environment. The NAcc is known to play a central role in the positive reinforcing effect of psychostimulants [30] . These results suggest, therefore, that 5-HT exerts an inhibitory control on cocaine-induced DA efflux in this area.
Serotonergic projections from the dorsal raphe nucleus modulate DA function at two levels: at the level of the midbrain they influence the firing of DA neurons [3, 18] , whereas in NAcc they affect the synaptic DA release [17, 18] . Several subtypes of serotonergic receptors have been identified in the rat brain; among this, 5-HT 2C receptors are highly expressed in dopaminergic cell body regions of the substantia nigra and ventral tegmental area (VTA) as well as in terminal projection areas of the NAcc, striatum and prefrontal cortex [7] . Recently, it has been demonstrated that selective 5-HT 2C receptor antagonists enhance cocaine-induced motor activity [14] and accumbal DA release [24] . On the contrary, injection of 5-HT 2C receptor agonists into the VTA reduces cocaine-induced locomotor activity and cocaine self-administration [15] . In addition, mice lacking the 5-HT 2C receptor showed increased cocaine-induced locomotor activation and dopamine release in the NAcc [27] . In the light of these recent findings, it could be speculated that 5-HT 2C receptor plays an important role in mediating the serotonergic modulation of cocaine action. Further studies are necessary to identify the role of the various 5-HT receptors in mediating the 5-HT modulation of cocaine action. However, such an evaluation extends beyond the purpose of this study. We wish to stress how the serotonergic system can be manipulated not only by pharmacological means, but also through nutrition, leading to possibly serious consequences in the case of use of psychostimulant drugs.
